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Abstract Increases in muscular cross-sectional area
(CSA) occur in quadriplegics after training, but the effects
of neuromuscular electrical stimulation (NMES) along with
training are unknown. Thus, we addressed two questions:
(1) Does NMES during treadmill gait training increase the
quadriceps CSA in complete quadriplegics?; and (2) Is
treadmill gait training alone enough to observe an increase
in CSA? Fifteen quadriplegics were divided into gait
(n = 8) and control (n = 7) groups. The gait group per-
formed training with NMES for 6 months twice a week for
20 minutes each time. After 6 months of traditional therapy,
the control group received the same gait training protocol
but without NMES for an additional 6 months. Axial ima-
ges of the thigh were acquired at the beginning of the study,
at 6 months (for both groups), and at 12 months for the
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control group to determine the average quadriceps CSA.
After 6 months, there was an increase of CSA in the gait
group (from 49.8 + 9.4 cm? to 57.3 £ 10.3 cm?), but not
in the control group (from 43.6 & 7.6 cm® to 41.8 +
8.4 cm?). After another 6 months of gait without NMES in
the control group, the CSA did not change (from
41.8 &+ 8.4 cm? to 41.7 £ 7.9 cm?). The increase in quad-
riceps CSA after gait training in patients with chronic
complete quadriplegia appears associated with NMES.

Introduction

Muscle atrophy is one of many alterations occurring after
spinal cord injury; it contributes to various medical com-
plications, such as fractures, deep venous thrombosis [1],
cardiovascular deconditioning [5], and early fatigability
during neuromuscular electrical stimulation (NMES) [15].
Decrease in average muscle cross-sectional area (CSA) [8],
replacement of Type I muscle fibers by Type II fibers [4],
infiltration of adipose tissue inside muscles, reduction in
the oxidative enzyme level, mitochondria concentration,
and number of capillaries are observed in muscles located
below the injury level [3, 18, 21].

Producing muscle contractions in paralyzed muscles
through NMES of intact peripheral motoneurons [22] can
promote muscle hypertrophy [9, 11], muscle endurance
increase, and histochemical changes [21]. The positive
muscle alterations provided by NMES also can benefit the
oxygen consumption [5, 10, 12, 17] and bone mass of
individuals with spinal cord injury [2, 6, 19].

Some studies suggest muscle mass increases after
functional electrical stimulation (FES) using a cycle-
ergometer [19, 23]. However, FES contractions without
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resistance appear not to prevent muscle atrophy or to
increase muscle CSA in the early and chronic phases of
spinal cord injury [1, 16]. Thus, these studies suggest the
muscle hypertrophy is directly associated with the force
produced during electrical stimulation training. The effect
of NMES during treadmill gait with body weight support
(BWS) therefore is not well established, particularly in
patients with complete lesions. An increase in CSA of the
thigh after 12 months of treadmill gait training has been
observed without using NMES. However, these patients
had incomplete spinal cord injuries [14].

Accordingly, we asked the following questions: (1)
Does NMES during treadmill gait training increase the
quadriceps CSA in complete quadriplegics?; and (2) Is
treadmill gait training alone enough to observe an increase
in CSA?

Materials and Methods

We recruited 15 patients, all male, with complete quadri-
plegia (American Spinal Cord Injury Association A). The
injury level was C4 to C7. Inclusion criteria were intact
lower motor neurons, which are required for muscle con-
traction under surface electrical stimulation, and a
postinjury time of at least 24 months (chronic spinal cord-
injured patients). Exclusion criteria were skin damage or
ulcers and history of cardiopulmonary disease. We divided
the patients into two groups: a gait group with NMES (GG;
n = 8) and a control group (CG; n = 7). In the GG, mean
age was 32.3 £ 3.5 years; mean body mass was
66.4 £+ 8.5 kg; mean height was 176.9 + 3.5 cm; and
mean time postinjury was 64.1 & 96.2 months. In the CG,
mean age was 32.8 &£ 3.5 years; mean body mass was
65.5 £+ 10.6 kg; mean height was 176.8 £ 8.4 cm; and
mean time postinjury was 55.3 = 10.6 months. There were
no differences in demographic data between the groups.
We did not perform a priori power analysis; in fact, we had
difficulty recruiting patients to participate in the study and
therefore used a sample of convenience. The study termi-
nated at 6 months for the GG; after 6 months, the CG was
provided an additional 6 months of gait training without
NMES. We adhered to all applicable institutional and
government regulations concerning the ethical use of
human volunteers during this research.

In the GG, all individuals began treadmill gait training at
an absolute speed of 0.14 m/second, which was increased
according to the capacity of each patient (the adjustment in
walking speed was based on qualitative gait assessment,
which included adequate posture and a usual gait pattern).
The highest absolute speed achieved was 0.39 m/second
after 6 months. The initial speed normalized by body
height was 0.03 m/second and the final normalized speed
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was 0.09 m/second for all individuals. During gait, partial
BWS (30%-50% of body weight reduction) was provided.
The level of support was the minimal level required to
maintain the upright trunk and heel strike. BWS was pro-
vided by a harness suspended from an overhead support,
and the support vest allowed free movement of the lower
limbs (Fig. 1). Staff physiotherapists helped move the legs
through the gait cycle. Training was performed for
6 months, twice a week, for 20 minutes during each ses-
sion. NMES was delivered by a custom-built, four-channel
stimulator. Charge-balanced pulses of 300 ms were deliv-
ered at 25 Hz. The maximum intensity of stimulation was
200 V with a load of 1 kQ in output. NMES was used to
provide the stance gait phase through quadriceps muscle
activation and the swing phase characterized by ankle
dorsiflexion, knee flexion, and hip flexion through with-
drawal reflexes elicited by stimulation of the common
peroneal nerve. The stimulation unit was triggered by hand
switches controlled by the staff. Self-adhesive surface
electrodes measuring 5 x 9 cm were placed on the quad-
riceps and smaller, circular electrodes 3.2 cm in diameter
were placed over the common peroneal nerves.

In the CG, individuals did not perform gait training
during the first 6 months; they only performed conven-
tional physiotherapy without using NMES twice a week.

Fig. 1 Treadmill gait training using NMES and BWS is shown.
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Traditional therapy included passive movements of the
hips, knees, and ankles and strengthening of every muscle
group involved in the movements (two sets of 30 seconds).
Elbow and wrist movements were performed depending on
the extent of the injuries. The preserved upper limbs
underwent muscular strengthening. During each session,
the orthostatic position was maintained for 20 to 30 min-
utes. After 6 months, we included individuals in the
treadmill gait training following the same protocol as GG
but without NMES and trained them an additional
6 months. The initial and final achieved velocities (after
normalizing by height) were the same as those of the GG
(0.03 m/second and 0.09 m/second, respectively).

At the beginning of the study and after 6 months, we
performed MRI (2T PrestigeTM; Elscint, Haifa, Israel) of
both thighs for all patients to determine the average CSA of
the quadriceps. We determined the femur length, defined as
the distance between trochanter major and femoral lateral
condyle, on coronal T1-weighted imaging. Subsequently,
we acquired 30 axial T1-weighted images of both thighs
for all patients (spin echo 9-mm slice thickness and §-mm
gap between each slice; echo time, 20 ms; repetition time,
700 ms; matrix, 230 x 290 mm; field of view, 450 x
450 mm; in-plane pixel size, 1.6 x 2.0 mm). Images were
downloaded to compact disk and all slices were analyzed
with custom software (semiautomated segmentation;
NeuroLine®, Campinas, S3o Paulo, Brazil) [7]. Images
were analyzed by the same investigator (DCCA). The MRI
was performed once, the CSA evaluation was performed
five times, and the coefficient of variation of repeat
assessment of the same image was less than 1.5%. There
were no differences in quadriceps values when comparing
right and left sides before and after 6 months in the GG and
CG. Therefore, results from the right quadriceps were
presented. At the time of inclusion in the study, the average
CSA values of the GG and CG were similar.

The differences in quadriceps CSA after 6 months of
gait training associated with NMES were determined by
Wilcoxon test for GG. In the CG, to determine the differ-
ences in CSA at the beginning and after 6 months of
traditional therapy and after 6 months of gait training
without NMES, we used analysis of variance. Results are
presented as mean =+ standard deviation.

Results

The increase of CSA after 6 months of treadmill gait
training was associated with the NMES (Table 1). We
observed an increase (p = 0.000007) of 15% in the CSA
after 6 months of treadmill gait training, increasing from
49.81 & 9.36 cm? to 57.33 + 10.32 cm?” (Fig. 2).

Table 1. Quadriceps cross-sectional area of each individual in the
gait group

Gait group Level of injury ~ Cross-sectional area (cm?)
Before After
1 (6] 60.2 73.3
2 C4 59.1 69.3
3 C5 57.2 60.7
4 C4 389 53.0
5 C4 47.5 514
6 C5 48.5 52.8
7 Cc7 34.5 41.1
8 Co 52.5 56.9
Mean 49.8 57.3
Standard deviation 9.4 10.3
70- *
60 - I
50 4 l
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§ % @ Before
<
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10
0

GG

Fig. 2 The graph shows the increase of quadriceps CSA after
6 months of gait training with NMES in the GG. The bars represent
mean values and standard deviations, and the asterisk indicates
different (p = 0.000007) initial values and values after 6 months.

The gait training without NMES did not promote any
change in muscle mass compared with the 6-month period
of traditional therapy (Table 2). In the CG, the CSA did
not differ (p = 0.08) between baseline and after 6 months,
going from 43.60 + 7.56 cm® to 41.81 & 8.45 cm®. The
results at the beginning of gait training between the GG
and the CG (49.81 % 9.36 cm” versus 41.81 + 8.45 cm”)
showed a tendency to be different (p = 0.05). After
another 6 months training of all individuals in the CG
with treadmill gait training and BWS but without NMES,
there were no changes (p = 0.09) in the quadriceps
CSA  (41.81 £ 8.45 cm?>  versus 41.75 £ 7.87 cm?,
respectively) (Fig. 3). We noted mixed results in the CG:
some patients had an increase in CSA and others had a
decrease.
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Table 2. Quadriceps cross-sectional area of each individual in the
control group

Control group Level Cross-sectional area (cm?)
of injury - —
Before After After gait training
without NMES
1 C5 46.2 442 419
2 Cc7 55.8 532 573
3 Co 38.6 358 369
4 Co6 39.9 36.8 381
5 C5 40.5 369 328
6 C5 339 327 399
7 Cc7 50.3 53.0 453
Mean 43.6 41.8 417
Standard deviation 7.6 8.4 7.9

NMES = neuromuscular electrical stimulation.

@ Before
0O After

[ After gait training without
NMES

l

20 4

CSA cm2

10 4

CG

Fig. 3 The graph shows no differences in the quadriceps CSA before,
after 6 months without gait training, and after 6 months of gait
training without NMES in the CG. The bars represent mean values
and standard deviations.

Discussion

An increase in CSA of muscle has been observed in pre-
vious studies reporting rehabilitation regimens. However, it
is not clear if the use of NMES during gait in individuals
with chronic quadriplegia is necessary to promote
improvements in muscle CSA or if gait by itself, by pro-
moting mechanical load on the musculoskeletal system, is
beneficial. We therefore raised two questions: Does NMES
promote an increase of quadriceps CSA in complete
quadriplegics, and is treadmill gait training even without
NMES sufficient to promote any improvement in muscle
compared with inactivity?

We note several study limitations: (1) The lack of a
longitudinal followup prevented us from observing if
the CSA increase is maintained with time and if the
observed increase produces considerable physiologic
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effects avoiding secondary health issues. (2) The small
samples owing to the difficulty of recruiting individuals
with spinal cord injuries willing to participate may prevent
application of our data to the general population of indi-
viduals with spinal cord injuries. The importance of the
clinical changes to the muscles will be obtained from
longitudinal studies with larger sample sizes making the
statistical analysis possible. (3) The small sample also
prevented creation of a third group in which only NMES
would be performed without gait. Despite the limitations,
our study produced some preliminary results to evaluate
the effects of gait training, with and without NMES, in
quadriceps CSA in patients with complete quadriplegia. (4)
When analyzing the results for each subject after gait
training without NMES, we noted mixed results among
individuals in the CG as some had an increase in CSA and
others had a decrease. Therefore, a study with a larger
sample size is necessary to draw definitive conclusions.

Application of NMES during treadmill gait, in our
study, effectively increased quadriceps CSA in patients
with complete quadriplegia, whereas patients who per-
formed treadmill gait training without NMES did not have
changes in quadriceps muscle area. The 15% increase in
quadriceps CSA confirms previous studies that showed
muscle increase in chronic spinal cord-injured patients
using NMES in other modalities of therapy [3, 19]. Two
studies suggest NMES does not reverse muscle atrophy in
chronic spinal cord-injured patients [1, 16] but can promote
moderate increases after muscle contractions against some
external load [20, 21]. Scremin et al. [23] observed an
increase of 31% in the CSA of the rectus femoris after
98.1 £ 9.1 sessions of FES cycle-ergometer training with
progressive resistance as shown on CT. Mohr et al.
reported an increase of 12% in CSA of the thigh after FES
cycle-ergometer with progressive load for 12 months three
times a week [19].

The effect of gait on muscle CSA in spinal cord-injured
patients was reported by few studies, which contrasts our
results [14, 24]. In one study, there was an increase of 4.9%
in thigh muscle area and 8.2% in the lower leg after
12 months of gait training (three times a week, totaling 144
sessions) without NMES; however, this study included
only incomplete spinal cord injuries, paraplegia and
quadriplegia [14]. A reversal of muscle atrophy in acute
patients with incomplete quadriplegia (American Spinal
Cord Injury Association B and C) after 48 sessions of
treadmill gait training twice a week also was reported [13].
Stewart et al. [24] reported an increase in size of Types I
and Ila fibers with restoration of the normal size of muscle
fibers after 6 months of gait (68 sessions) without NMES
beginning with 65% =+ 3% and ending with 23% + 5% of
BWS in individuals with incomplete (American Spinal
Cord Injury Association C) paraplegia and quadriplegia.
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We observed an increase in muscle mass during gait
with partial BWS in complete chronic quadriplegics was
associated with NMES. The inability to find increases in
muscle CSA after gait training without NMES was possibly
the result of insufficient mechanical load imposed on par-
alyzed muscles (reduction of 30%—-50% of body weight
during gait) associated with severity of the spinal cord
lesion (complete and extensive lesions). Although the data
at the beginning of gait training with and without NMES
tended to be different, it has been reported that muscles of
subjects with chronic spinal cord injuries can improve after
exercise [3, 14, 19, 22]. This fact was observed in subjects
with low CSA values in the gait group, who also benefited
from the training. Therefore, the atrophied muscles also
can improve with exercise; however, the improvement
depends on the type and intensity of exercise, which can
vary among subjects.

The increase in muscle area after gait without NMES
observed in some studies probably was related to the injury
level, residual motor function (patients with incomplete
lesions), and the capacity of patients with incomplete
lesions to achieve a higher intensity level of training
compared with patients with complete cervical lesions
(included in this study).

Therefore, the increase of CSA we observed in complete
quadriplegic subjects after gait training was associated with
the NMES, and the treadmill gait without NMES did not
promote any benefit to the muscle mass when the mean
values of the CG were analyzed.
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